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The ATLAS collaboration has recently reported an excess of about 2.5 σ global significance at
around 2 TeV in the diboson channel with the boson-tagged fat dijets, which may imply a new
resonance beyond the standard model. We provide a possible explanation of the excess as the
isospin-triplet technivector mesons (technirhos, denoted as ρ±,3
Π
) of the walking technicolor in the
case of the one-family model as a benchmark. As the effective theory for the walking technicolor
at the scales relevant to the LHC experiment, we take a scale-invariant version of the hidden local
symmetry model so constructed as to accommodate technipions, technivector mesons, and the tech-
nidilaton in such a way that the model respects spontaneously broken chiral and scale symmetries of
the underlying walking technicolor. In particular, the technidilaton, a (pseudo) Nambu-Goldstone
boson of the (approximate) scale symmetry predicted in the walking technicolor, has been shown
to be successfully identified with the 125 GeV Higgs. Currently available LHC limits on those
technihadrons are used to fix the couplings of technivector mesons to the standard-model fermions
and weak gauge bosons. We find that the technirho’s are mainly produced through the Drell-Yan
process and predominantly decay to the dibosons, which accounts for the currently reported excess
at around 2 TeV. The consistency with the electroweak precision test and other possible discovery
channels of the 2 TeV technirhos are also addressed.
Introduction. – The key particle responsible for the ori-
gin of the mass, a Higgs boson, was discovered at the LHC
in 2012 [1]. However, the dynamical origin of the Higgs
and hence of the electroweak (EW) symmetry breaking
is yet to be elucidated, suggesting existence of a theory
beyond the Standard Model (SM) to be explored at the
LHC Run-II.
One of the candidates for the theory beyond the SM
to account for the dynamical origin of the EW symme-
try breaking is the walking technicolor based on the ap-
proximately scale-invariant gauge dynamics, which has a
large anomalous dimension γm ≃ 1, and the technidila-
ton, a pseudo Nambu-Goldstone (NG) boson of the ap-
proximate scale symmetry, as a light composite Higgs [2].
In this theory the EW symmetry breaking is triggered
by the technifermion condensation 〈F¯F 〉, like the quark
condensation 〈q¯q〉 in QCD, and the technidilaton arises
as a composite flavor-singlet scalar meson formed by the
F¯F -bound state, directly linking to the dynamical break-
ing mechanism of the EW symmetry. In a particular
walking technicolor model, the “one-family model” with
NF = 8 technifermions, the technidilaton successfully ac-
counts for the 125 GeV Higgs at LHC [3–7].
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The one-family model, originally proposed as a naive
scale-up version of QCD [8, 9], in fact turned out to
be a promising candidate for the walking technicolor in
the new context of large NF gauge theory with SU(NC)
gauge group [10] through the conformal phase transition
[11] characterized by the Miransky scaling which is the
crucial ingredient of the walking technicolor [2]: the mass
and the couplings of the technidilaton were calculated
through both the ladder calculations and the holographic
model, with the best fit to the 125 GeV Higgs for NF = 8
and NC = 4 [3–6]
1. Among other walking technicolor
models, the one-family model is special in the sense that
it is the most straightforward and natural model setting
for the extended technicolor (ETC) as a standard way to
give masses to the quarks and leptons. The value NC = 4
is further selected as an interesting model setting within
the ETC framework [13]. Furthermore, recent lattice
studies [14–16] suggest that NF = 8 QCD has desired
walking signals of the condensate 〈F¯F 〉 with an approx-
imate scale symmetry and a large anomalous dimension
1 In the ladder calculations, the light technidilaton can natu-
rally be realized in the large NC and NF limit, with fixed
NF /NC (≫ 1) (“anti-Veneziano limit”), in a sense similar to
the η′ meson in QCD as a pseudo NG boson in the same limit,
with NF /NC (≪ 1) (Veneziano limit), both having the vanish-
ing mass limit though not exact massless point. See discussions
in Refs. [7, 12]. The holographic model [6] gives even more re-
duction of the technidilaton mass due to the large technigluon
condensate which is missing in the ladder approximation.
2γm ≃ 1. Moreover, a light flavor-singlet scalar meson as
a candidate for the technidilaton has been discovered on
the lattice for the NF = 8 QCD [17]
2.
Besides the technidilaton at 125 GeV, the one-family
model of the walking technicolor predicts a rich com-
posite spectra in several-TeV region to be seen at LHC
Run II: the model consists of techniquarks (3-colored
doublets) and technileptons (1-noncolored doublet), hav-
ing the same SM quantum numbers as those of the one-
generation of the SM fermions, and hence possesses a
large global chiral symmetry, SU(8)L×SU(8)R, in which
the EW and QCD charges are partially embedded. The
chiral symmetry as well as the EW symmetry is thus bro-
ken by the technifermion-chiral condensate, down to the
vectorial symmetry SU(8)V , giving rise to 63 NG bosons,
the composite technipions, where 3 linear combinations
of them are eaten by weak bosons W and Z, with the
rest all becoming very massive to several-TeV scale by
the explicit breaking of the SU(8)L×SU(8)R symmetry
due to the ETC gauge interactions as well as the EW and
the QCD gauge interactions 3.
In addition, the walking technicolor has massive vector
mesons (technirhos) which are suggested to have mass
much heavier in units of the decay constant of tech-
nipion Fpi than that of QCD rho mesons: Mρ/Fpi ≫
(Mρ/Fpi)QCD ≃ 8 in various calculations, ladder [22],
holography [6] and the lattice [15, 23]. The technirhos
should couple to the weak boson pairs to be seen as dis-
tinct resonances in the diboson channel at the LHC. Dis-
covering the technirhos in the diboson channel thus would
be a smoking-gun of the walking technicolor. In particu-
lar, the one-family model predicts a rich spectra of 63 of
such composite vector mesons at several-TeV scale, all of
which will be discovered at Run II LHC.
Very recently, the ATLAS collaboration [24] has re-
ported an excess of about 2.5 σ global significance at
around 2 TeV in the diboson channel with the boson-
tagged fat dijets. This may imply new resonance(s) like
the technirhos 4.
2 A similar light flavor-singlet scalar meson on the lattice has
also been found in the NF = 12 QCD [18–20]. Although many
lattice results indicate that the NF = 12 is in the conformal
window where the chiral and scale symmetries are not sponta-
neously broken and hence no dilaton exists, such a light scalar
in NF = 12 QCD may be a generic feature of the conformal
(scale-symmetric) dynamics common to NF = 8 QCD.
3 Although there are only three exact NG bosons to be absorbed
intoW and Z, they are linear combinations of all the flavors and
hence the system is completely different from the one-doublet
model based on SU(2)L × SU(2)R/SU(2)V . Also note that the
explicit breaking gauge interactions are rather weak at the rele-
vant energy scale so that the masses of all the 60 left-over tech-
nipions may be estimated by the perturbative estimate, which
are actually greatly enhanced to the several TeV’s region by the
large anomalous dimension of the walking dynamics. The discov-
ery of the technipions at LHC Run II is an issue of the one-family
model of the walking technicolor [21].
4 The CMS has also done a similar diboson analysis and reported
In this paper, we discuss possibilities to explain the
excess from the one-family model of the walking techni-
color which already successfully explained the 125 GeV
Higgs in terms of the technidilaton. To address the tech-
nihadron phenomenologies at the LHC, we employ a low-
energy effective theory for the walking technicolor, what
we call the scale-invariant version of hidden local sym-
metry (sHLS) model [26], constructed from the low-lying
technihadrons including the technidilaton, and technip-
ions and technirhos. We constrain the couplings of the
technirhos to the SM fermions and weak gauge bosons.
by taking into account currently available LHC limits on
the technihadrons and the size of the resonance width
<∼ 100 GeV in the diboson channel with boson-tagged fat
dijets implied by the ATLAS data [24].
We find that the isospin-triplet technirhos, denoted as
ρ±,3Π , can have the couplings large enough to be mainly
produced through the Drell-Yan (DY) process analo-
gously to the ρ-γ mixing and predominantly decay into
the dibosons. We then compute the fat-dijet mass dis-
tribution at the almost same level of the acceptance and
efficiencies for the event selection as those in the ATLAS
analysis [24], and find that the ρ±,3Π with the mass of 2
TeV can account for the currently reported excess in the
diboson channel. The consistency with the electroweak
precision test and the discovery possibilities of the ρ±,3Π
in other channels are also discussed.
The model. – We begin by introducing the effec-
tive technihadron Lagrangian (sHLS) for the one-family
model of the walking technicolor [26], which is a version
of the original HLS model [27] made scale-invariant so as
to respect the scale symmetry of the underlying walking
technicolor. The sHLS Lagrangian is constructed, based
on the nonlinear realization of both the chiral SU(8)L ×
SU(8)R symmetry and the scale symmetry, together with
the hidden local symmetry [SU(8)V ]HLS, which is a spon-
taneously broken gauge symmetry. The model is charac-
terized by the coset space G/H = [SU(8)L × SU(8)R ×
[SU(8)V ]HLS]/SU(8)V , with the basic quantities being
the nonlinear bases ξL, ξR such that ξ
†
LξR = e
2ipi/Fpi and
χ(φ) = eφ/Fφ . They are parametrized by the technip-
ion fields (π) and the technidilaton (φ), with the tech-
nipion decay constant Fpi and the technidilaton decay
constant Fφ, respectively. In addition, ξL, ξR are also
parameterized by the fictitious NG boson fields to be
absorbed into the gauge bosons (technirhos) of the spon-
taneously broken HLS, Vµ, with the gauge coupling g.
The practical building blocks are αˆ⊥µ and αˆ||µ, which
are constructed from the G-nonlinear bases (ξL, ξR) as
αˆ||,⊥µ = (DµξRξ
†
R ± DµξLξ†L)/2i, where the covari-
ant derivatives are DµξL = ∂µξL − iVµξL + iξLLµ and
DµξR = ∂µξR − iVµξR + iξRRµ with the external gauge
fields (Lµ,Rµ) including the SM gauge fields. (More de-
tails such as the transformation properties of these non-
moderate excesses near 2 TeV [25].
3linear bases under the G-symmetry and scale symmetry
are given in Ref. [26].)
The Lagrangian corresponding to the G- and scale-
invariant action at the leading order of the derivative
expansion is thus written as follows:
L = F 2piχ2tr[αˆ2⊥µ] + aF 2piχ2tr[αˆ2||µ]
− 1
2g2
tr[V 2µν ] +
1
2
F 2φ(∂µχ)
2 + · · · , (1)
where Vµν = ∂µVν − ∂νVµ − i[Vµ, Vν ] and a is a pa-
rameter to be fixed later. In Eq.(1) we have indicated,
by the ellipsis, other terms explicitly breaking the G-
symmetry and scale symmetry, including the φ-potential
fixed by the scale anomaly of the underlying walking tech-
nicolor [4] and the SM gauge boson-kinetic terms. There
are also higher derivative terms of O(p4), etc., which will
be discussed later.
The couplings of the technihadrons are obtained by
expanding the sHLS Lagrangian in powers of the techni-
hadron fields (π, φ, ρµ) embedded into ξL,R, χ and Vµ =
gρµ. The way of embedding technihadron fields and the
SM gauge bosons into the 8-flavor matrix forms and the
explicit expressions of the technihadron couplings (in the
unitary gauge of the HLS) are given in Ref.[26]. Here
we just pick up the couplings of the isospin-triplet color-
singlet technirhos (ρ±Π , ρ
3
Π) from the reference, which are
relevant to the diboson resonance at the mass Mρ±
Π
=
Mρ3
Π
≡MρΠ ≃ 2 TeV 5.
The ρ±,3Π couplings to the SM-f fermion pair arise
from the mixing between the SM gauge bosons and ρ±,3Π
present in the (aF 2pi ) term of Eq.(1) as an analogue of the
ρ-γ mixing in QCD. The interaction terms take the form
LρΠff = −
√
ND
Fρ
MρΠ
[
eJemµ ρ
3µ
Π
+
e(c2 − s2)
2sc
1
1−m2Z/M2ρΠ
JZµ ρ
3µ
Π
+
e
2s
1
1−m2W /M2ρΠ
(JW
+
µ ρ
+µ
Π + h.c.)
]
, (2)
where e and s (c2 = 1 − s2) respectively denote
the electromagnetic coupling and the (sine of)
5 The Lagrangian Eq.(1) contains other isospin-triplet color-singlet
technirhos ρ±,3P which are not produced by the Drell-Yan process
by the SU(8) symmetry [26]. Although the SU(8)V symmetry as
well as the full chiral symmetry SU(8)L×SU(8)R is already vio-
lated explicitly in Eq.(1) due to the introduction of the SM gauge
couplings, there still exist no mixings between the ρi
Π
and ρiP at
tree level, thanks to the spontaneously broken gauge symmetry
[SU(8)V ]HLS which is of course exact without explicit breaking,
as explicitly shown in Ref. [26]. They do not mix at one-loop
level O(p4), neither. They can actually mix each other through
the electroweak interactions at two-loop order O(p6), which are
highly suppressed by the loop factor to be negligible for the dis-
cussions in the present case.
standard weak mixing angle. The SM fermion cur-
rents are defined as Jemµ = e
∑
f f¯γµQ
f
emf , J
Z
µ =
e/(sc)
∑
f
[
f¯Lγµ(τ
f
3 − s2Qfem)fL + f¯Rγµ(−s2Qfem)fR
]
and JW
+
µ = e/(
√
2s)
∑
f f¯uLγµfdL (J
W−
µ = (J
W+
µ )
†)
with the electromagnetic charge for the f -fermion Qfem
and the isospin charges τf3 = ±1/2 for the up- and down-
sector fu,d-fermions. The ρΠ-SM gauge boson-mixing
strength Fρ is expressed in terms of the sHLS parameters
as Fρ =
√
aFpi . The prefactor
√
ND stands for the num-
ber of electroweak doublets formed by technifermions,
which is 4 in the case of the one-family model. Note that
the ND dependence is canceled out in the combination
(
√
NDFρ):
√
NDFρ =
√
ND
√
aFpi =
√
avEW where
vEW ≃ 246 GeV (See also Eq.(7) below). In reaching
Eq.(2) we have also used the ρΠ mass formula obtained
from the (aF 2pi ) term of Eq.(1):
MρΠ =
√
agFpi = 2TeV , (3)
where we have set it to 2 TeV for the present analysis.
As to the couplings to the weak gauge bosons, the ρΠ
mainly couples to the longitudinal modes (Wµ, Zµ)L =
(∂µπW /mW , ∂µπZ/mZ)
6, where πW and πZ stand for
the NG bosons eaten by the W and Z, respectively. The
ρΠ-WL-WL/ZL vertices thus arise from the (aF
2
pi ) term
of Eq.(1):
LρΠWLWL/WLZL =
1√
ND
gρpipii
[
∂µπ+Wπ
−
W ρ
3
Πµ
+(∂µπ−WπZ − ∂µπZπ−W )ρ+Πµ
]
+ h.c. , (4)
where gρpipi = (1/2)ag in terms of the original Lagrangian
parameters. Note the prefactor (1/
√
ND) in front of the
ρ-π-π coupling: this is the characteristic feature of the
one-family model of walking technicolor and realizes the
smaller ρ → WLWL width by a factor of (1/ND) = 1/4,
compared to the naive scale-up version of QCD having
only the one weak doublet, as will be seen clearly below.
It turns out that the ρΠ does not couples to the tech-
nidilaton φ involving the SM gauge bosons (W,Z and
photon γ) because of the scale invariance [28].
As we mentioned before, all the 60 technipions not
eaten by theW and Z bosons in the one-family model ac-
quire masses due to the explicit breaking of the SU(8)L×
SU(8)R chiral symmetry by the EW and QCD as well
as the ETC gauge couplings, which are enormously en-
hanced to the order of O(a few TeV) by the large anoma-
lous dimension γm ≃ 1 as a salient feature of the walk-
ing technicolor [21], and hence should be larger than the
6 The ρΠ couplings to the transverse modes of the weak
gauge bosons turn out to be highly suppressed by a factor of
(mW/Z/MρΠ )
2, hence the ρΠ are hardly produced via the vec-
tor boson fusion and vector-boson associate processes.
4technirho mass. Thereby, we will ignore the 2 TeV ρΠ
couplings to technipions.
In addition to the leading order terms in Eq.(1), one
may incorporate higher-derivative coupling terms, so-
called O(p4) terms, introduced as in the original HLS
formulation applied to QCD [29, 30],
L′ = z3tr[VˆµνV µν ] + iz4tr[V µν αˆ⊥µαˆ⊥ν ] , (5)
where Vˆµν becomes 1/2[∂µ(Rν + Lν) − ∂ν(Rµ + Lµ)]+
(non-Abelian terms and technipion terms) in the uni-
tary gauge of the HLS. The order of magnitude for the
parameters z3 and z4 can be estimated by the naive di-
mensional analysis to be z3,4 = O(NC/(4π)2) = O(10−2)
for NC = 4. These terms affect the ρΠ-f -f and ρΠ-
WL-WL/ZL couplings at the on-shell of the ρΠ: the Fρ
coupling in Eq.(2) and the gρpipi coupling in Eq.(4) are
then modified as
Fρ =
√
aFpi → Fρ =
√
aFpi(1− g2z3) ,
gρpipi =
1
2
ag → gρpipi = 1
2
ag(1− 1
2
g2z4) . (6)
Thus, by including the possible higher derivative
terms, the couplings relevant to the 2 TeV ρΠ phe-
nomenology are found to be controlled by the four param-
eters Fpi, g, z3 and z4 with the parameters a and Fφ being
redundant for the present analysis. In place of the origi-
nal parameters z3 and z4, we shall use Fρ and gρpipi with
the replacement in Eq.(6) taken into account. Among
those four parameters, the technipion decay constant Fpi
is related to the EW scale vEW ≃ 246 GeV for the one-
family model with four weak-doublets, ND = NF /2 = 4,
as
Fpi = vEW/
√
ND ≃ 123GeV , (7)
through the W/Z mass formula obtained by examining
the F 2pi term in Eq.(1). The HLS gauge coupling g is
then determined through the ρΠ mass formula in Eq.(3),
once the ρΠ mass is set to 2 TeV and the parameter a
is chosen. Then, with two inputs (Fpi , MρΠ), we are left
only with the two parameters
(Fpi, g, z3, z4) −→ (Fρ, gρpipi) , (8)
which control the ρΠ couplings to the SM fermions
(Eq.(2)) and the weak gauge bosons (Eq.(4)), respec-
tively.
Constraining the ρΠ couplings. – Using Eqs.(2),
(4) we compute the partial decay widths of the ρ±,3Π
as functions of Fρ and gρpipi. The ρ
±,3
Π couplings
are implemented by using the FeynRules [31] and the
MadGraph5 aMC@NLO [32] is used for the estimation of the
decay widths. We constrain the size of the total widths
to be <∼ 100 GeV in light of the ATLAS data on the
diboson-tagged dijet mass distribution [24], so that the
relevant couplings Fρ and gρpipi are constrained.
In Fig. 1 we show the contour plot in the (Fρ, gρpipi)
plane together with the 95% C.L. limits at around 2
TeV forW ′/Z ′ candidates reported from the ATLAS and
CMS experiments [25, 33–43] 7. The upper bounds of the
cross sections used to make the plots are as follows:
σATLASWZ(3lν)[fb] ≤ 22 , σCMSWZ(3lν)[fb] ≤ 19 ,
σATLASWZ(2lJ)[fb] ≤ 20 , σCMSWZ(2lJ)[fb] ≤ 27 ,
σATLASWZ(lνJ)[fb] ≤ 9.5 , σCMSWZ(lνJ)[fb] ≤ 13
σCMSWZ(JJ)[fb] ≤ 12 ,
σATLASlν [fb] ≤ 0.41 , σCMSlν [fb] ≤ 0.42
σATLAS2l [fb] ≤ 0.24 , σCMS2l [fb] ≤ 0.25
σATLAS2j [fb] ≤ 130 , σCMS2j(qq)[fb] ≤ 58 , (9)
where in the last line we have quoted the upper limit
set on generic narrow resonances (with the width being
0.1 percent of the mass) decaying to the qq-jet reported
from the CMS group [34], while the ATLAS bound [33]
includes all the jet candidates. The ρΠ cross sections have
been computed by using CTEQ6L1 [46] parton distribution
functions. Though the result is not changed by the value
of the parameter a 8, for just a practical reason, we have
chosen a = 1 in computing the cross sections and decay
widths. From the figure, we see that the gρpipi coupling
is constrained by requiring the total width for ρ±Π to be
Γρ±
Π
<∼ 100 GeV as gρpipi <∼ 5.5. Hereafter, as a reference
value, we shall take 9
gρpipi = 4 . (10)
As to the Fρ, we may choose a typical set of the values
satisfying the current LHC limits as
Fρ[GeV] = 250 , 500 , 650 , (11)
in which the first value (250 GeV) is supported from non-
perturbative calculations of a large NF walking gauge
theory [15, 22], which are currently possible to quote at
hand, the third one (650 GeV) is a representative of the
maximal value satisfying the dilepton constraint, and the
middle value (500 GeV) is just a sample in between the
other two 10.
7 In addition to limits shown in Fig. 1, there are other limits from
W ′/Z′ → Higgs plus weak bosons reported from the ATLAS
and CMS [44, 45], in which the analyses are based on the Higgs
decay to bb or WW . However, the ρΠs in the present study do
not decay to the Higgs candidate (technidilaton) [28], so we have
not incorporated those constraints in the figure.
8 The parameter choice a = 1 is special, corresponding to the
locality of the deconstructed extra dimension (3-site model in
the linear moose.
9 The gρpipi is slightly smaller than the QCD value ≃ 6 for NC =
3, which can be understood by the NC scaling, gρpipi|NC=4 ∼√
3/NCgρpipi|NC=3 and destructive axialvector-a1 contribution
which is mimicked by the size of z4 in the sHLS model (see also
summary and discussion in the later section).
10 In terms of the original Lagrangian parameters, g, z3 and z4
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FIG. 1: The contours in the (gρpipi, Fρ) plane drawn by requir-
ing the total widths Γρ3
Π
(black curves, in the right-middle)
or Γ
ρ±
Π
(blue curves, in the left-middle) to be 60 (solid), 80
(dashed), 100 (dotted) GeV at the mass of 2 TeV. The 95%
C.L. upper limits at around 2 TeV from the LHC experi-
ments [25, 34–43] have also been shown together. The re-
gions above those curves are excluded. The there black blobs
denote the reference points in Eq.(11) with Eq(10).
For the values in Eqs.(10) and (11), we have the total
widths,
Γρ3
Π
[GeV] ≃ (53, 55, 56) ,
Γρ±
Π
[GeV] ≃ (53, 54, 55) ,
for Fρ[GeV] = (250, 500, 650) , (12)
and the dominant branching ratios,
Br(ρ3Π →WW ) [%] ≃ (99, 96, 94) ,
Br(ρ±Π →W±Z) [%] ≃ (99, 97, 95) ,
for Fρ[GeV] = (250, 500, 650) . (13)
The ρ±,3Π are mainly produced via the DY process
with the Fρ as in Eq.(11). The total cross sections
σDY(pp → ρ±,3Π ) at the center of mass energy
√
s = 8
in Eqs.(1), (5) and (6), we have g ≃ 16, z4 ≃ 4.0 × 10−3 and
z3 ≃ (−4.0,−12,−18) × 10−3 for a = 1, gρpipi = 4, MρΠ = 2
TeV and Fρ = (250, 500, 650) GeV. The estimated size of z3 and
z4 are compatible with the order of magnitude estimated by the
naive dimensional analysis, O(NC/(4pi)
2) (see also text). The
large value of g implies large corrections from higher order in the
HLS chiral perturbation theory, with the expansion parameter
ξ = NF ·g
2/(4pi)2 ≃ NF ·p
2/(4piFpi)2|p=Mρ ≃ 16≫ 1 (NF = 8),
in comparison with the real-life QCD (NF = 3), ξ ≃ 1. Origin
of the large corrections will be discussed in the Summary and
discussion.
TeV are computed by using the CTEQ6L1 [46] parton dis-
tribution functions to be
σDY(pp→ ρ3Π) [fb] ≃ (0.7, 2.8, 4.7) ,
σDY(pp→ ρ±Π) [fb] ≃ (1.4, 5.4, 9.3) ,
for Fρ[GeV] = (250, 500, 650) . (14)
Other subdominant decay and production properties are
to be given in another publication.
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FIG. 2: The fat-dijet mass distribution MJJ of ρ
±,3
Π
for the
WW (top panel) and the WZ (bottom panel) selections at 2
TeV with Fρ[GeV] = 250 (dashed-dotted line), 500 (dashed
line), 650 (solid line).
The technirho signals at 2 TeV in the fat-dijet mass
distribution with the diboson-tagged. – Now that all the
parameters are fixed, we are ready to discuss the ρΠ sig-
nals in the dijet mass distribution with the EW dibo-
son tagged, in comparison with the ATLAS data [24].
To calculate the dijet mass distribution, we use the
FeynRules [31] to implement the ρΠ couplings, fixed as
above, into the MadGraph5 aMC@NLO [32] and generate the
cross sections at the parton level. For the hadroniza-
tion and parton showering, PYTHIA 8.1.86 [47] is used.
The events are generated by using the CTEQ6L1 [46] par-
ton distribution functions and the jets are reconstructed
through the Cambridge-Aachen algorithm [48, 49] with
the radius parameter R = 1.2 (C/A R = 1.2) by the
FastJet 3.0.6 [50].
To make a direct comparison with the ATLAS anal-
ysis, the C/A R = 1.2 jets (called fat-jets hereafter)
6are processed through a splitting and filtering algo-
rithm described as “BDRS-A” in Ref. [51], similar to
the algorithm in Ref. [52] but modified for high-pT
boson jets in ATLAS analysis. After that, we apply
the same event selections as in Ref. [24]: i) the num-
ber of fat-jets ≥ 2; ii) the momentum balance √yf =
min(pj1T , p
j2
T )∆R12/m12 ≥ 0.45, where pj1T and pj2T are
the transverse momenta of the two leading subjets found
by the BDRS-A algorithm, ∆R12 and m12 are the η-
φ distance and mass of the two subjets, respectively;
iii) the transverse momentum pT for the leading fat-
jet J1, pT (J1) ≥ 540 GeV; iv) the pseudo-rapidity η
for the two leading fat-jets J1,2, |η(J1, J2)| ≤ 2; v) the
rapidity difference ∆y between the two leading fat-jets,
∆y = |y(J1)−y(J2)| ≤ 1.2; vi) the pT asymmetry for the
two leading fat-jets, pT (J1)−pT (J2)pT (J1)+pT (J2) ≤ 0.15; vii) the num-
ber of charged-particle tracks associated with the original
ungroomed fat-jet, ntr < 30; viii) the range of the fat-jet
masses, MJ1,J2 , 82.4− 13 ≤MJ1,J2 [GeV] ≤ 82.4+13 for
the WW selection, 92.8− 13 ≤MJ1,J2 [GeV] ≤ 92.8+ 13
for the ZZ selection, and 92.8 − 13 ≤ MJ1 [GeV] ≤
92.8 + 13, 82.4 − 13 ≤ MJ2 [GeV] ≤ 82.4 + 13, for the
WZ selection where MJ1 > MJ2 . For vii), since the
charged-particle track reconstruction is not performed in
this study, the ntr requirement is not directly applied.
Instead, assuming that the ρ±,3Π has the same ntr dis-
tribution as the W ′ signal used in ATLAS (Fig. 1b of
Ref. [24]) and hence the scaling factor (0.90 ± 0.08 in
Ref. [24]) defined as the ratio of the ntr cut efficiency
in data to that in the W ′ simulation is applicable, the
ρ±,3Π signal yields are scaled by the square of the prod-
uct of the cut efficiency and the scaling factor. The cut
efficiency is estimated from the W ′ signal distribution
shown in Fig. 1b of Ref. [24]. In addition, to account for
the migration due to ATLAS detector resolution, the fat-
jet momentum/energy and mass values are smeared by
Gaussian distributions with the mean of 0 and the stan-
dard deviations of 5% (as in Ref. [24]) and 8% (taken
from 600 < pT < 1000 GeV bin in Table 2 of Ref. [51]),
respectively.
In Fig. 2 we show the technirho ρΠ signals in the fat-
dijet mass distributions with the diboson tagged for the
WW (top panel) and WZ (bottom panel) selections at√
s = 8 TeV and the integrated luminosity L = 20.3 fb−1.
From the ATLAS result [24] we see that at 2.0 (1.9) TeV,
the number of observed events are 8(5) and 7(4) per 100
GeV bin over the expected background ≃ 2 (3) for the
WZ and WW selections, respectively. In comparison
with the data, Fig. 2 implies that the 2 TeV ρ±,3Π with
Fρ = 650 GeV can explain the excess with about 3 σ
local (2.5 σ global) significance for both the WW and
WZ selections.
The ATLAS collaboration [24] have also reported an
excess by about 2.9 σ (local significance) in the ZZ chan-
nel. As listed in the item viii) of the event selection above,
the WW,WZ and ZZ selections are distinguished only
by the fat-jet mass ranges, hence the Z boson (e.g. its
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charge) is not clearly identified in the analysis. There-
fore, the ρΠ →WW/WZ events may contaminate in the
ZZ channel, although the ρΠ does not couple to ZZ in
the model discussed here. In Fig. 3 we plot the fat-jet
mass distributions of the 2 TeV ρ±,3Π in the ZZ selection
for Fρ[GeV] = 250, 500, 650. From the ATLAS result [24]
we read off the 3 (5) observed events/100 GeV over the
expected background ≃ 0.6 (0.9) at 2.0 (1.9) TeV. The
figure shows that the 2 TeV ρ±,3Π with Fρ = 650 GeV can
also account for the excess in the ZZ channel.
Summary and discussion. – In summary, we have dis-
cussed the 2 TeV diboson signals for the isospin-triplet
color-singlet technirhos (ρ±,3Π ) in the one-family model of
the walking technicolor. It has been shown that the ρ±,3Π
with the narrow width <∼ 100 GeV and a large Drell-Yan
coupling, such as Fρ/MρΠ(= 650GeV/2000GeV) ≃ 0.3,
can account for the excesses in the fat-dijet mass dis-
tributions in the diboson channel recently reported from
the ATLAS group, consistently with the current-observed
limits in other channels.
Some comments are in order:
1) We have shown in Fig. 3 that the 2 TeV ρ±,3Π with
Fρ = 650 GeV is consistent with the excess seen in the
ZZ channel. This is largely because the ρΠ →WW/WZ
events become broadly distributed in fat-jet mass due
to finite detector resolution and hence some fraction of
events are selected by the fat-jet mass cut of the ZZ selec-
tion. The experimental capability to separate WW/WZ
from ZZ in decays of high-mass resonances will be an
important ingredient to further test the models discussed
in this study. Exploiting the leptonic ZZ decays (ℓℓqq¯,
ℓℓℓ′ℓ′) will provide a handle to separate them from WW
or WZ decay, while it requires a large dataset due to a
small Z → ℓℓ branching fraction. Hence it is interesting
to explore separation techniques based on the hadronic
W/Z decays.
Shown in Fig. 1 of Ref. [24] are reconstructed fat-jet
mass distributions of hadronically decaying W and Z
bosons, as simulated for the 1.8 TeV graviton decaying
7into WW/ZZ. As clearly seen, the W and Z bosons can
be statistically separated by ∼ 10 GeV at peak positions
if the excess remains and sufficient statistics is accumu-
lated. In addition, the ATLAS study on charged-particle
tracks associated with fat-jets from high-pT hadronicW
±
bosons Ref. [53] shows that theW+ andW− can be sepa-
rated at the level of ∼ 50%W+ efficiency withW− rejec-
tion of about 4. This technique is expected to be less per-
formant for separation between WW and ZZ resonances
because a mixture of W± in WW would be less distin-
guishable from Z in ZZ on average. We however expect
this charge measurement to provide additional discrimi-
nation between WZ and ZZ resonances by adopting the
technique separately to higher and lower mass fat-jets in
selected events.
2) The sHLS model we have employed throughout the
present study can be viewed as the low-energy effective
theory induced from the underlying walking technicolor.
Actually, the DY coupling of the technirho, (Fρ/Mρ),
detected at the LHC, should include contributions from
not only the walking technicolor sector, but also an ETC
sector, which communicates between the technifermion
and the SM fermion sectors and hence necessary to ac-
count for the SM-fermion mass generation. The ETC
yields an effective four-fermion interaction among the
technifermions of the form (F¯ γµTaF )
2, with Ta being
the SU(NF ) generators, which affects Fρ. In that sense,
the size of the Fρ constrained by the current LHC data,
mainly from the dilepton channel, would imply the de-
sired amount of the ETC contributions: one may take the
value of the DY coupling estimated only from the walk-
ing technicolor sector to be FTCρ ≃ 250 GeV, supported
from the result of nonperturbative calculations presently
at hand [15, 22]. Then the rest may be supplied from
the ETC, say FETCρ [GeV] = (0, 250, 400) for the total
Fρ[GeV] = (F
TC
ρ + F
ETC
ρ )[GeV] = (250, 500, 650). This
implies an indirect constraint on modeling of the ETC
derived from the current LHC data from the dilepton
channel. Note that in the present analysis, such ETC
effects can be, in a sense, mimicked by the parameter
z3 in Eq.(5) which shifts the Fρ as in Eq.(6) just like
Fρ → Fρ = FTCρ + FETCρ .
3) With such a large DY coupling of the technirho at
hand, one might suspect the large contribution to the S
parameter [54]. One can in fact estimate the size of the S
coming only from the technirho contribution within the
sHLS model, to find S|ρ = 4πND(Fρ/MρΠ)2 ≃ O(10)
for Fρ = 650 GeV, where ND = 4 for the one-family
model. However, the techni-axialvector (techni-a1) con-
tribution may cancel the large S|ρ term: in the one-
family model of the walking technicolor, it has been
suggested from several approaches [6, 15, 22, 55] that
the masses of the techni-ρ and -a1 mesons are degener-
ate, MρΠ ≃ Ma1Π , due to the characteristic walking fea-
ture. Taking into account this, one may add the techni-
a1 meson contribution to the S as S = S|ρ + S|a1 =
4πND(Fρ/MρΠ)
2[1 − (Fa1/Fρ)2]. Thus, if Fa1 ≃ Fρ (in-
cluding possible ETC contributions), the S parameter
can be vanishingly small to be ≃ 0, as it happens in a
different context [56]: this can actually take place in the
one-family model of the walking technicolor, in view of a
holographic dual [57]. If it is the case we may expect a
new type DY process through the techni-a1 meson at 2
TeV.
4) Note also that the presence of the techni-a1 mesons
generically modify the gρpipi coupling due to the mixing
between the pions and axialvector mesons, as in the case
of the generalized HLS model [58] in application to QCD.
Such a role of the shift effects can actually be played by
the z4 term in Eq.(5), instead of the techni-a1 mesons,
as in Eq.(6).
5) As to the DY coupling, it is furthermore indicated
that if the diboson excess is explained by the presence
of the 2 TeV technirhos ρ±,3Π with the large DY coupling
Fρ = 650 GeV which barely satisfies the current dilepton
limit, the 2 TeV ρ±,3Π , as well as the 2 TeV techni-a1
mesons having the same amount of the DY coupling Fa1
to suppress the S parameter, can necessarily be seen also
in the dilepton channel as quite narrow resonances at the
LHC-Run II, which could be possible at the earlier stage
of the running. To put it the other way around, if the ρΠ
and techni-a1 would have somewhat small DY coupling
like Fρ = 250 GeV or less and the diboson excess goes
away in the future, it might be hard to detect the ρΠ and
techni-a1 at the LHC. Other technirhos in the one-family
model could then be discovered through other channels.
In this sense, the fate of the currently reported diboson
excess is linked with which channels and technivectors
and techni-axialvectors are accessible at the LHC-Run
II.
More detailed analysis on the promising LHC signals
for the technivector and axialvector mesons in the one-
family model of the walking technicolor will be pursued
in the future.
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